Introduction
Tribulus terrestris (puncturevine) is a herbaceous, mat forming, annual plant from the Zygophyllaceae family. it has been known as a valuable medicinal plant for a long time. the plant is used directly as a herb or as a main component for production of a number of medicines and food supplements (1, 7, 8) . the high and consistent use of Tribulus terrestris by the pharmaceutical industry has led to a production demand and fostered the need for its semi-cultivation. For that purpose more detailed research on the plant's biology is necessary. the puncturevine has been studied mainly from a systematic point of view or as a weed (5, 6, 9, 10) . even in these aspects the data for the plant's biology and life strategy are scarce and come mainly from studies from Australia and the USA where Tribulus terrestris is a major noxious weed. therefore, we carried out a complex study on Tribulus terrestris biology and ecology. here we have presented the results concerning the anatomical structure and adaptation of the vegetative organs to particular environmental conditions.
Materials and Methods
Samples of mature leaves, stems, and roots of Tribulus terrestris were collected from the natural habitat in the region of Plovdiv, fixed in FAA (formaldehyde acetic acid alcohol) for 24 hours, and preserved in 70% ethyl alcohol. The fixed samples were embedded in paraffin, transverse sections 8 μm thick were cut with a sliding microtome, stained with safranine and aniline blue and mounted with DePex. the permanent slides were examined under digital light microscope Motic DMBA210 at X100 and X400 magnification. Epidermal peels were obtained from the adaxial and abaxial surface of the lamina and mounted in canada balsam for microscopic study. the pictures were taken using the image analysis software Motic images Plus version 2.0.
Results and Discussion

Leaf
Punctutevine's leaves are even-pinnate compound, opposite, approximately 1-5 cm long, with 3-7 leaflet pairs per leaf. Leaflets are elliptic or oblong, 3-15 mm long. In hot conditions, leaflets of the plant's compound leaf fold in pairs and reduce water loss. they are covered with uniseriate epidermis with polygonal or rectangular ordinary epidermal cells and small anomocytic stomata (Fig. 1A, Fig. 1B) . Leaflets have reduced the stomata frequency on the upper and lower epidermis -68 and 64 stomata per mm 2 , respectively. Unicellular trichomes arise from the surface of both upper and lower epidermis but are more numerous and longer on the lower epidermis.
the transverse sections showed that Tribulus terrestris leaflets are isobilateral and amphistomatous (Fig. 1C) . they are covered with one layer rectangular epidermal cells with straight anticlinal walls. the outer walls of the epidermal cells of both the adaxial and abaxial surface have well developed cuticle, which reduces water loss and play a role in controlling surface temperatures by reflecting or altering the incoming radiation. The leaflets are isobilateral and have palisade parenchyma with relatively small intercellular spaces on both sides of the lamina. the palisade region is composed of one layer columnar, evenly spaced, thin-walled parenchyma cells, elongated at right angles to each surface and containing abundant chloroplasts. This arrangement maximizes the efficiency rate of photosynthesis by placing cells at the optimum angle to the incoming sun rays. isobilateral leaf structure is a response to receiving high levels of light (4 transverse section of leaf (X400): E-epidermis; pp-palisade parenchyma; Dr-druses; ShC-sheath cells; VB-vascular bundle; Hp-hypodermis; D. transverse section of root (X400): Ve-vessel elements; Xm-xylem; ph-phloem; prd-periderm; SC-sclerenchyma; E. transverse section of stem (X100): Xm-xylem; phphloem; SC-sclerenchyma; p-parenchyma; E-epidermis; F. transverse section of stem (X400): Xm-xylem; ph-phloem; SC-sclerenchyma; p-parenchyma; E-epidermis palisade parenchyma of both sides of the lamina is located a single layer of small, isodiametric parenchyma cells that are structurally distinct from the other mesophyll cells and form a subdermal hypodermis.
Leaflet veins are collateral, composed of adaxially positioned xylem and abaxially situated phloem. Vascular bundles are surrounded by one-layered sheath (or "Kranz") of conspicuously enlarged parenchymatous cells. the sheath cells are large, green, and thick-walled and contain specialized chloroplasts. the palisade cells extend radially from the bundle sheath cells. this distinctive leaf structure, which involves one or two layers of green palisade cells extending radially from the bundle sheath cells, is termed Kranz anatomy and characterizes the c4 plants. in these plants the bundle sheath cells collect co 2 from the mesophyll cells that initially absorb the co 2 entering the leaf through the stomata.
Spherical, star-shaped druses occur throughout the middle part of the lamina. they are deposited in the mesophyll cells located between the vascular bundles and completely fill them.
the anatomical structure of Tribulus terrestris leaves shows anatomical features suggesting xeromorphic adaptations typical for c4 plants. the isobilateral lamina, thick cuticle, "Kranz" anatomical structure, and mesophyll with reduced intercellular spaces, epidermis with small stomata and reduced stomatal density and presence of trichomes are adaptations characteristic for plants inhabiting high light and water-limited areas. the leaf structure explains punctutevine's intolerance to shading and limits its distribution to sunny locations. even moderate levels of shading make puncturevine competition sensitive and cause poor establishment and development of the plant (9).
Stem
T. terrestris has highly branched stems generally less than 1 m long (up to 2.4 m), branching radially from the crown. the transverse section (Fig. 1E, Fig. 1F) showed that the stem is coated with uniseriate epidermis with small cells covered by thick cuticle. the cortex is comprised of 6-9 layers of parenchyma cells, with mostly isodiametric shape and small intercellular spaces. they are ranging in size with the innermost and subepidermal cells much smaller than the middle ones. numerous, large groups of sclerenchyma cells, located against the vascular bundles, occur into the cortical region. the vascular bundles are arranged in a virtual ring near the periphery of the stem and are located very close to each other. the vascular bundles are open and provide secondary growth of the stem. the secondary phloem has only few elements and along with the vascular cambium has 7-9 layers. the secondary xylem is well-developed. the pith is large, with 8-11 layers thin-walled, isodiametric, parenchyma cells, with small intercellular spaces and internal cells larger than the peripheral ones. the pith remains a living tissue and does not break down to form a cavity. the stem structure is compact, sclerified, with small intercellular spaces.
Roots
Tribulus terrestris has tap root system with slender, branched, often somewhat woody, deep taproot (to 2.6 m) with a network of fibrous roots (9) . The transverse section (Fig. 1D) showed that the root is covered with a thin layer periderm, made up of 2-3 layers of rectangular cells. Below the periderm are observed large groups of sclerenchyma cells and a small amount of parenchyma arranged in rays of 2-3 cells. the parenchyma cells are heterogeneous in shape and size, ranging from oval to elliptical. the secondary vascular tissue system is presented by secondary phloem, a cambium, and a larger zone of secondary xylem. the intercellular spaces between the root cells are small. The compact sclerified structure and poor aeration of the root tissues explains the poor development of Tribulus terrestris plants on waterlogged soils compared to the well-drained and dry sites reported by Pathak (9) . this pattern is consistent with the structure of the stem.
the anatomical structure of the vegetative organs of Tribulus terrestris showed adaptations typical for both droughtevading and drought-enduring species. the extensive root system and the xeromorphic and sclerophyllous characteristics of the leaves make punctutevine's water requirements low compared to other crops. in studies Davis and Wiese (2, 3) found T. terrestris required 96 kg of water to produce 1 kg of dry matter, which is less than the other c4 crops, for example sorghum, which require about 300 kg. the deep taproot that the plant forms provides the mechanism for acquiring more water. Due to its ability to extract soil moisture holm et al. (6) have suggested that water losses due to T. terrestris are of economic concern for the agriculture, because of the plant's ability to extract soil moisture from great depths and to compete well with crops.
Conclusions
the research on the anatomical structure of Tribulus terrestris vegetative organs showed that this plant possesses some distinctive characteristics and structural adaptations typical for c4 plants.
the leaf showed xeromorphic and sclerophyllous characteristics. the isobilateral lamina, thick cuticle, "Kranz" anatomical structure, mesophyll with reduced intercellular spaces, epidermis with small stomata and reduced stomatal frequency and presence of trichomes are adaptations typical for plants inhabiting high light levels and water-limited areas. the leaf structure explains punctutevine's intolerance to shading and limits its distribution to sunny locations. even moderate levels of shading make Tribulus terrestris competition sensitive and cause poor development of the plant.
the stems and roots possess very well developed vascular system. Their structure is compact, highly sclerified, with little parenchyma and reduced intercellular spaces. the poor aeration of the root and stem makes the plant sensitive to excess of water in the soil and explains the poor growth of Tribulus terrestris plants on waterlogged soils.
